The development of a complex multicellular organ such as the nervous system requires precise regulation of cell migration, proliferation and survival. This regulation in turn requires the integration of long-range signals, such as growth factors, with short-range cues that define the precise location and cellular neighbours for any given cell. This short review examines one integrative mechanism, integrin-growth factor receptor interactions, and explores the role of lipid rafts in the molecular mechanisms that underlie the receptor interactions.
What are lipid rafts?
Within a membrane, the presence of different lipids will give rise to variability in the degree of liquid ordering and the permeability of the membrane (see [1] for a review). The term lipid raft has been used to describe putative cholesteroland sphingolipid-rich liquid-ordered microdomains within cell membranes. These are characterized by their insolubility in detergents at 4
• C and can be isolated on the basis of their buoyancy in sucrose gradients. Analysis of the proteins within these rafts reveals a range of signalling molecules including T-and B-cell receptors, GPI (glycosylphosphatidylinositol)-linked proteins, NCAM (neural cell adhesion molecule), Src-family tyrosine kinases, G-proteins, growth factor receptors such as the epidermal growth factor, PDGF (platelet-derived growth factor) and insulin receptors and integrins. Consequently, they have been proposed as an important site for different signalling processes [2, 3] . However, despite the acceptance that a fraction rich in such proteins can be isolated from many cell types by virtue of detergent insolubility, a controversy persists concerning the physiological relevance of this finding [1] . This is partially due to the fact that the use of different detergents changes the distribution of proteins within the raft fraction [4] , that unstable components might be lost during the extraction procedure [5] and that nuclear and mitochondrial proteins not associated with the cell membrane can be identified in these fractions [6] , suggesting they might represent an artifact of detergent extraction rather than a true association of a subset of membrane-associated molecules. However, detergentfree techniques such as immunoisolation [7] , fluorescent resonance energy transfer [8] and cross-linking studies [9] support the existence of specific associations between putative raft proteins, and studies analysing the movement of single Key words: apoptosis, laminin, oligodendrocyte, platelet-derived growth factor (PDGF).
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raft-associated molecules within the membrane suggest the presence of microdomains of approx. 25 nM [10] .
Rafts as signalling platforms
Several studies have highlighted the possibility that lipid rafts serve as platforms for the formation of protein complexes involved in signalling. The best-studied cell has been the T-cell, where TCR (T-cell receptor) signalling complexes are present within rafts whose integrity is required for optimal signalling [11] [12] [13] . More recently attention has also been focused on neurons, which provide a number of examples by which rafts promote cell signalling. The GPI-anchored co-receptor GFRα1 recruits RET to lipid rafts after GDNF stimulation and results in RET/Src interaction that leads to the enhancement of neuronal differentiation and survival [14] . In human neuroblastoma cells, FGF2 (fibroblast growth factor 2) regulates the signalling adaptor FRS2 phosphotyrosine levels located within the lipid rafts. FGF2 stimulation also induces the recruitment of other signalling molecules activating MEK1/MEK2 (MAPK/ERK kinase, where MAPK stands for mitogen-activated protein kinase and ERK for extracellularsignal-regulated protein kinase) within lipid rafts suggesting multiple downstream responses within the raft domains [15] . Moreover, FGF receptor activation in the non-raft compartment followed by the recruitment of NCAM-140 to lipid rafts is required for neurite outgrowth [16] . This recruitment of NCAM results from palmitoylation that transfers the NCAM-spectrin-PKCβ2 (where PKC stands for protein kinase C) complex to lipid rafts [17] , with spectrin known to play a role in organizing membrane microdomains. Another example of the raft function in growth factor signalling is provided by NRG (neuregulin), which activates the ErbB family of receptor tyrosine kinases. Recently, NRG has been identified as a lipid raft component [18] . In cultured cortical neurons, NRG stimulation induces the recruitment of ErbB4, Grb2 (growth-factor-receptor-bound protein 2) and Shc to the raft compartment, and this redistribution of associated signalling molecules into rafts is essential for NRG signalling [19] .
Mechanisms
The enrichment of signalling molecules within the raft compartment has led to the model that rafts could maintain downstream signalling pathways as preassembled complexes, obviating the need to recruit each molecule to the complex for signalling and thus increasing the speed of response. An example is provided by T-cells, where components of the signalling complex activated by the TCR are preassembled within the TCR-containing rafts [20] . However, there are at least two other distinct, and non-exclusive, mechanisms by which rafts might promote specific signalling pathways.
First, rafts may create a microenvironment that regulates the access of specific tyrosine phosphatases to individual signalling molecules. Two phosphatases regulated in this way are CD45 and SHP-2. CD45 was originally supposed to be excluded from the rafts, thus promoting tyrosine kinase-mediated signalling [11] , and targeting CD45 to rafts inhibits TCR signalling [21] . However, CD45 can also activate Src-family of kinases by dephosphorylation of their negative regulatory sites, and other studies have shown that a small percentage of the total CD45 is raft-associated before stimulation, and then decreases on activation [22] . CD45 may be required within the raft to allow initial Src-family kinase activation, with the movement out of the rafts then required for normal signalling. The phosphatase SHP-2 binds and dephosphorylates PDGFβR Tyr-771, thus preventing the PDGFβR from associating with the negative regulator RasGAP and consequently prolonging activation of Ras/MAPK pathway [23] . SHP-2 is recruited to rafts after cell attachment [24] and could therefore regulate the duration of PDGF receptor signalling in adhesive cells.
Secondly, receptors within the raft compartment could be internalized via specific pathways distinct from those in the non-raft membrane, thus generating or contributing to an alternative or modified signalling response. For example, the transforming growth factor-β receptor internalizes via endocytosis through the clathrin-as well as the lipid raftdependent pathways. These two internalization pathways are enriched in different Smad signalling components, and hence may confer distinct signalling activities [25] . Another example is provided by the TNF (tumour necrosis factor) receptor 1, which translocates to lipid rafts on binding the ligand TNFα, where it is ubiquitinated and degraded in the proteosome pathway. Raft disruption prevents ubiquitination of both the receptor and an associated kinase RIP [26] , and could therefore perturb the normal nuclear factor κB activation induced by TNF receptor 1. A link between rafts and ubiquitination is also suggested by the observation that the ubiquitin ligases Cbl and Nedd4 become raft-associated during IgE-mediated signalling in mast cells [27] .
Integrins are present in lipid rafts
Another group of receptors for which raft association appears to be important are the integrins. These interact with extracellular matrix and cell-surface ligands, and have been shown to regulate 'outside-in' signal transduction after ligand binding by the formation of a signalling complex of kinases and adaptor proteins associated with the cytoplasmic domain. A number of integrins have been identified within lipid rafts, including β1 integrins [28, 29] αLβ2 (LFA-1) [30, 31] αvβ3 [32] α6β1 [33] and α6β4 [34] . An association between integrin signalling and raft association has been described in a number of systems. In endothelial cells, a C-terminal fragment of collagen XVIII known to inhibit angiogenesis, endostatin, causes the recruitment of α5β1 integrin into the raft microdomains, where phosphorylation of p190RhoGAP decreases RhoA activity, and thus potentially reducing migration [35] . Keratinocytes provide a particularly interesting example, as α6β4 within rafts promotes epidermal growth factordependent cell proliferation, whereas α6β4 in the non-raft compartment is sufficient for adhesion and hemidesmosome formation [34] . The two different pools of integrin (raft and non-raft) may therefore have distinct signalling roles.
The presence of integrins within rafts may reflect the presence of palmitoylated cysteine residues in the cytoplasmic tail or in associated molecules. Palmitoylation and myristylation are required for raft localization and signalling by several proteins including Lck, Fyn [36] , LAT [37] or the neuronal Src [38] . Palmitoylation of specific cysteine residues in the β4 tail induces the integration of α6β4 in lipid rafts, whereas mutants lacking the critical cysteine residues are excluded from rafts [34] . However, not all integrin β subunits contain palmitoylation sites, and even in those that do contain cysteine residues such as α3β1 and α6β1 no palmitoylation was reported. These integrins could be recruited to the raft compartment by associating with other palmitoylated signalling molecules such as G-proteins, Src family kinases or tetraspanins [39] .
Regulation of integrin-growth factor interactions by lipid rafts
The concept of growth factor signalling being regulated by adhesion is well established, with integrins implicated in multiple steps of the growth factor receptor signalling pathways [40] . Our work on oligodendrocytes, the myelin forming cells of the CNS (central nervous system), has provided examples of these interactions in CNS development. The stimulation of oligodendrocyte precursor proliferation by physiological concentrations of PDGF results from activation of αvβ3 integrin associated with the growth factor receptor [41] . Provided an integrin ligand is present, the integrin then triggers the signalling pathways that lead to proliferation. An interaction between the αvβ3 integrin and the PDGF receptor has also been reported in glioblastoma cells, where these receptors co-operate to promote migration in a Lyn-dependent manner [42] . In newly-differentiated oligodendrocytes that undergo apoptosis unless contact with target axons is established [43] , α6β1 integrin binding to a laminin α2 on the axon surface enhances survival by amplification of PDGF-regulated PI3K (phosphatidylinositol 3-kinase) signalling and by switching neuregulin signalling from a PI3K to a MAPK pathway [44] . The PDGF/α6β1-mediated in oligodendrocytes based on the partitioning of integrins into non-raft and raft compartments, and the change in relative expression levels of associated PDGFα receptor during differentiation (represented by the top arrow) During precursor proliferation, the growth factor receptor is associated with αvβ3 and promotes proliferation by activating the integrin. In newly differentiated oligodendrocytes, the majority of the growth factor receptor is found in rafts and is associated with α6β1. The mechanism of interaction between integrin and growth factor receptor is unknown, but could also involve activation as discussed in the text.
survival signalling requires lipid rafts, since short-term disruption by β methylcyclodextrin decreases pAkt levels (a measure of PI3K activation) in response to PDGF and laminin [33] .
The presence of α6β1 within oligodendrocyte lipid rafts is of particular interest, as co-immunoprecipitation experiments reveal an association between the integrin and the PDGFα receptor [33] . Earlier in development, however, the PDGFα receptor is found at relatively higher levels in the non-raft compartment, as are αv integrins involved in proliferation. Therefore we have proposed that the change in expression levels of the PDGFα receptor within the raft and non-raft compartments, each containing different integrins, provides a potential mechanism by which the response to physiological concentrations of PDGF can switch from proliferation (which requires αvβ3) to survival (which requires α6β1) [33] . As such, rafts may be essential for the developmentally regulated changes in growth factor responses during progression of the oligodendroglial lineage by virtue of their ability to partition different integrin growth factor interactions. A model for the temporal regulation of PDGF signalling in oligodendrocytes based on the partitioning of integrins into non-raft and raft compartments, and the change in relative expression levels of associated PDGFα receptor during differentiation, is shown in Figure 1 .
Lipid rafts and integrin activation
Recent work has established that the affinity of integrin ligand binding is regulated by changes in the shape of the heterodimer. On the basis of the studies on αvβ3, the current view is that activation of the integrin (resulting in an increase in affinity for ligand) is associated with a change from a bent conformation where the ligand-binding headpiece is adjacent to the membrane to an extended conformation with the ligandbinding site outwards towards potential extracellular ligands. In association with this change, intramolecular interactions may alter the conformation of the ligand-binding pocket and increase binding affinity. Activation is also associated with separation of the α and β cytoplasmic tails. Molecules such as talin that interact with the β cytoplasmic domain might inhibit the normal interaction between the juxtamembrane helical regions of the two tails and thus promote activation, although the mechanisms by which the change in cytoplasmic tail interaction leads to unfolding of the extracellular domain remains unclear (reviewed in [45] [46] [47] ). Similar to increases in the affinity of individual heterodimers, binding can also be increased by changes in avidity (also termed valency regulation) with the local density of cell surface integrins increased by cell polarization, microclustering or ligand-induced redistribution [48, 49] .
Experiments on T-cells have revealed a link between integrin activation and raft localization, as a mutant form of LFA-1 lacking the I-domain, which resembles the activated integrin but is unable to bind a ligand, is more strongly raftassociated when compared with wild-type LFA-1 [31] . We have also found that activation of α6β1 using Mn 2+ increases the expression of this integrin within oligodendrocyte lipid rafts [50] . These results raise two questions. First, are rafts required for the signalling function of activated integrins? Secondly, how do activated integrins become localized to the raft compartment? At present, we do not have clear answers to either of these questions but some significant points have emerged.
One answer to the first question might come from the more ordered lipid structure within the raft. This may provide a more favourable molecular configuration for the integrin after the conformational changes associated with activation. For example, the thickness of the plasma membrane may be increased in the rafts, and this may allow any alteration in the extent of the transmembrane domain associated with activation to be more easily accommodated within the membrane. Thus rafts could have a role in maintaining the activated state, altering the equilibrium between non-activated and activated integrins in favour of the latter state. Alternatively, rafts could provide an environment for micro-clustering and avidity (valency) regulation and/or maintain downstream signalling pathways, as suggested in the immune system where components of the signalling complex activated by the TCR are preassembled within the TCR-containing raft [20] .
A difficulty in establishing the relationship between integrin activation and lipid rafts, and whether any of these non-exclusive roles for rafts may be correct, is that the techniques for raft disruption based on cholesterol depletion may have other effects on cell signalling. In addition, many of these studies on integrin activation use the bivalent cation Mn 2+ , which may also affect other intracellular signalling molecules. That said, the observation that Mn 2+ -induced activation of leucocyte α4β1 integrins is not altered by raft extraction with β-methylcyclodextrin, but chemokineinduced activation is perturbed [51] , suggests a role for rafts in the signalling mechanisms that regulate activation rather than in the pathways downstream of the activated integrin. In keeping with this, we have found that activation of α6β1 by Mn 2+ rescues oligodendrocyte survival signalling even in the presence of long-term raft disruption using the cholesterol synthesis inhibitor Fumonesin B1 [50] .
Turning to the second question, the mechanisms localizing certain activated integrins within rafts may include cytoskeletal proteins, as these are required for the exclusion of non-raft integrins. In the presence of cytochalasin D, increased expression of wild-type (inactive) LFA-1 becomes raft-associated in T-cells along with the active mutant form described above [31] . Equally, the apparent increase in raft expression could reflect differences in turnover rates between raft and non-raft compartments in addition to any redistribution, as a lower rate of internalization within the raft coupled with a redistribution of activated integrins to the raft would increase overall levels of surface expression. However, it is possible that the formation of the raft follows on from integrin activation, rather than the raft having an instructive role in the distribution of the integrin. Rafts represent areas of higher membrane order, thus explaining their relative detergent insolubility. As discussed above, activation is associated with a change in the spacing of the cytoplasmic (and therefore transmembrane) domains. These changes could lead to interactions with molecules other than those regulating activation, thus increasing lipid order by the generation of a web of interacting proteins within the membrane. These interactions may also occur between integrins themselves; one model for integrin avidity regulation postulates that β transmembrane domains form homotrimers, resulting in clustering and increased avidity [52] . This clustering and trimerization within the membrane might also alter the degree of organization within the membrane and so increase the lipid order, thus effectively generating a raft. Although this represents a valid mechanism for the regulation of signalling, since areas of increased lipid order are more likely to fuse, thus enabling distinct groups of signalling molecules to be brought together, the concept that the integrin may generate the raft is rather different from current views on the relationship between rafts and signalling receptors.
Conclusion
The hypothesis that lipid rafts regulate integrin signalling by sequestering specific activated integrins, and enable their interaction with specific groups of upstream and downstream molecules provides an interesting mechanism for the control of cell signalling. As we have discussed in the present paper, this could provide a mechanism for the temporal regulation of integrin-growth factor receptor interactions during development. However, the existence of lipid rafts at discrete areas of a membrane remains controversial, and further work is required on the imaging of rafts and their associated molecules, as well as on the mechanisms by which integrins and other molecules become raft-associated. These studies would provide important additional evidence regarding the presence of rafts in addition to the many studies using depletion techniques to infer function, and would greatly strengthen the emerging concept that rafts provide an important component of the cell signalling machinery.
